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Dielectric measurements on insulating materials at cryogenic temperatures can be challeng-
ing, depending on the frequency and temperature ranges of interest. We present a technique
to study the dielectric properties of bulk dielectrics at GHz frequencies. A superconducting
coplanar Nb resonator is deposited directly on the material of interest, and this resonator
is then probed in distant-flip-chip geometry with a microwave feedline on a separate chip.
Evaluating several harmonics of the resonator gives access to various probing frequencies, in
the present studies up to 20 GHz. We demonstrate the technique on three different materials
(MgO, LaAlO3, and TiO2), at temperatures between 1.4 K and 7 K.
I. INTRODUCTION
The dielectric properties of various insulating materials
are highly interesting and topic of ongoing research.1–6
However, there is no single generic method to probe di-
electrics at certain frequencies or low temperatures, and
different high frequency techniques can access the desired
properties in the GHz range.7 Especially, resonant tech-
niques are suited, since they provide good accuracy.8–10
The goal of this study is to characterize bulk dielectrics
with a new resonant approach by probing multiple dis-
crete GHz frequencies at cryogenic temperatures.
Planar superconducting microwave resonators play an
important role in solid state research, including cryogenic
spectroscopic studies.11–19 One can simultaneously probe
various harmonics of a fundamental resonance frequency
and perform measurements at low temperatures, even in
setups with limited space for the sample probe, such as
in high magnetic fields or at mK temperatures.14,20–24
Superconducting resonators can reach very high quality
factors25 and thus high sensitivity for the dielectric under
study.26–28 A further advantage is the well-established
lithographic fabrication which allows straightforward
modification of the resonator design to adjust to spe-
cific frequency or geometry demands. The approach pre-
sented here also eliminates a common problem of re-
lated experiments, namely air gaps, which strongly re-
duce accuracy or even inhibit completely the desired
measurements.28–31 In our approach, the superconduct-
ing coplanar waveguide (CPW) resonator is directly de-
posited on top of the bulk sample under study and then
excited with an external microwave feedline. We chose
the superconductor Nb as resonator material since its
fabrication is well established,32 such resonators have al-
ready been studied in great detail33,34, and their prop-
erties can be optimized depending on the performance
parameters of interest.35–37
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FIG. 1. (a) Schematic of distant-flip-chip geometry. The sam-
ple (transparent green) with deposited CPW λ/4-resonator is
flipped over a coplanar transmission line on a substrate (blue)
but kept at a distance h. (b) Schematic cross section of CPW,
indicating distance h between chip and substrate, inner con-
ductor width W , gap S between inner and outer conductors,
and thickness t of the resonator; lc is the coupling length. (c)
Photograph of distant-flip-chip arrangement.
II. RESONATOR DESIGN: DISTANT-FLIP-CHIP
GEOMETRY
In Fig. 1 the distant-flip-chip geometry is displayed.
The superconducting Nb coplanar λ/4-resonator is fab-
ricated with thickness t, center conductor width W , and
gap width S on the studied sample. The sample is then
flipped and placed over a coplanar feedline, made of Cu
on a sapphire substrate, in a certain distance h, such that
both conductive layers are facing each other. The outer
conductor of the feedline is designed such that most of
the feedline chip surface facing the resonator chip is not
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FIG. 2. Fundamental and harmonic resonance frequencies of
a distant-flip-chip geometry for sample permittivities up to
300. The distance of the chip is h = 50 µm and the coupling
length of the resonator is lc = 500µm. Symbols indicate
simulation results whereas full lines are obtained analytically
from conformal mapping theory.
covered by the Nb. The resonator has a coupling arm
with length lc and with a closed end, which is centrally
placed above the center conductor of the feedline, while
the opposite resonator end is open. As displayed in Fig.
1 the resonator is shaped with a meander structure which
increases its total length and therefore reaches a smaller
fundamental resonance frequency. Via inductive coupling
the microwave signal is transmitted from the feedline,
and the λ/4-resonator is excited. The distant-flip-chip
design has the advantage that the microwave signal cou-
ples through the open space between sample and feedline
chips, thus preventing losses and depolarization effects.
The distance h and the coupling length lc are of crucial
importance regarding the microwave coupling and thus
functionality and performance of the distant-flip-chip ge-
ometry.
There are some challenges with this approach, espe-
cially concerning control of the coupling into the res-
onator, certain sample requirements, and the mounting of
the resonator chip. The signal may not couple sufficiently
into the resonator to excite the fundamental and higher
harmonic modes since the permittivity of the sample is
unknown, and therefore the impedance of the resonator
cannot be adjusted correctly. Furthermore, the mount-
ing of the chip influences the coupling into the resonator.
The distance must be set appropriately to optimize the
coupling into the resonator. Additionally, the sample
needs to be flat with a polished surface and size of at
least a few mm to apply the distant-flip-chip geometry.
III. SIMULATIONS AND THEORY
The distant-flip-chip geometry is checked with simula-
tions for its suitability using CST Microwave Studio, and
the results can be compared to theoretical predictions
obtained with the conformal mapping theory.38,39 From
the latter, closed-form expressions for the effective dielec-
tric constant eff are obtained. Within this technique the
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FIG. 3. Transmission spectrum of a resonator chip with
l = 11 533µm deposited on a TiO2 sample up to 10 GHz.
The insets (a), (b) show two respective dips with higher res-
olution and the according Lorentzian fits.
CPW is split into partial regions and the electric field is
assumed to fill each of them homogeneously. Then the
capacitance of each part is found and the sum gives the
total capacitance. The effective dielectric constant eff is
then calculated by the ratio of the total capacitance of
the CPW and the capacitance in absence of all dielectrics.
Assumptions for this technique are that the conductors
have perfect conductivity, the structure is lossless, the
dielectrics are isotropic, and the electric field fills each
partial region perfectly.
In Fig. 2 the resonance frequency as a function of the
sample permittivity is displayed, obtained either by sim-
ulations or analytical calculation. For the latter, the res-
onance frequencies νn decrease with increasing permit-
tivity following
νn =
nc
4l
√
eff
, (1)
with n being the number of mode, c the vacuum speed
of light, l the length of the resonator and eff the effec-
tive dielectric constant of the resonant design. Since the
distant-flip-chip geometry utilizes a λ/4-resonator, only
odd multiples (n = 3, 5, ...) of the fundamental frequency
(n = 1) can be excited. The simulated results, marked
in Fig. 2 as symbols, match the analytical predictions
marked as full lines. The permittivity of the sample dom-
inates eff, which results in a shift to smaller resonance
frequencies for an increasing permittivity.
IV. MEASUREMENTS AND RESULTS
Three different dielectric materials are used to test
the approach: MgO, LaAlO3, and TiO2. The dielec-
tric response of each of them at cryogenic temperatures
and GHz frequencies is basically constant as a function
of temperature and frequency,40–43 and with  values
roughly around 10, 25, and 200, they cover the range that
is typically encountered for crystalline solids at low tem-
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FIG. 4. (a) Resonance frequencies of the fundamental (n = 1)
and n = 17 mode for temperatures up to T = 7.2 K of a
resonator chip on TiO2. Displayed are the uncorrected res-
onance frequencies, where the temperature-dependent pene-
tration depth of Nb causes a shift and the corrected resonance
frequencies with the effects of the superconductor subtracted.
For temperatures close to Tc, the displayed analytical equa-
tion is applicable and can describe the frequency shift due to
the change of the impedance. After correction the permittiv-
ity can be directly calculated, as displayed in (b).
peratures. Coplanar Nb resonators are deposited onto
the three substrate materials, and they are then mounted
with vacuum grease in distant-flip-chip geometry above
the feedline chip. Three different resonator lengths are
chosen for the LaAlO3 and TiO2 substrates, respectively,
and one length for the MgO substrates. All resonators
have a center conductor width of W = 120µm and a gap
width of S = 50µm. Microwave transmission spectra are
then obtained using a vector network analyzer (VNA) for
frequencies up to 20 GHz while the resonator is cooled in
a 4He cryostat with variable-temperature insert (VTI),
down to a base temperature around T ≈ 1.4 K.44
In Fig. 3 an exemplary spectrum of a resonator on TiO2
is displayed. The resonance dips can be clearly identi-
fied. The number of possible discrete discernible reso-
nances depends strongly on the length l of the resonator
and the permittivity of the studied sample, according to
equation (1). For further analysis the resonance dips are
fitted with a Lorentzian function which directly yields
the resonance frequency νn, as depicted in the insets (a),
(b) in Fig. 3.
These identified resonance dips are then tracked in
temperature-dependent measurements up to a temper-
ature of 9 K. In Fig. 4(a) the resonance frequencies of
the fundamental mode as well a high harmonic of this
resonator are shown. In the lower part of this panel
the uncorrected frequencies can be seen. Upon increas-
ing temperature, they first remain constant before shift-
ing to lower frequencies. Since the permittivity of TiO2
is temperature-independent within this range, this tem-
perature dependence of the resonator has to be caused
Dielectric Tc,Nb (K) ∆Tc,Nb (K) λ0 (nm) ∆λ0 (nm)
LaAlO3 6.91 0.38 784.26 169.62
TiO2 7.50 0.12 718.63 137.71
MgO 8.15 0.03 439.09 53.84
TABLE I. Critical temperature Tc,Nb and penetration depth
λ0 at T = 0 for the Nb resonators on the respective dielectrics
obtained with fits according to the equation displayed in Fig.
4. The values are averaged for all according fits, and ∆Tc,Nb,
∆λ0 display the respective statistical errors.
by the temperature-dependent superconducting proper-
ties of the Nb thin film. This can be modeled based on
the London equations, which give an expression for the
so-called London penetration depth.45 The penetration
depth λ is temperature dependent and diverges when ap-
proaching the critical temperature Tc. For temperatures
close to Tc of the Nb it can be described with an empirical
equation46
λ(T ) =
λ0√
1−
(
T
Tc
)4 , (2)
with λ0 the penetration depth at zero temperature. The
temperature-dependent λ(T ) affects the impedance of the
coplanar resonator,47 and the impedance in turn is re-
lated to the resonance frequency of the resonator via the
effective dielectric constant, and thus a frequency shift
occurs. With increasing temperature and increasing pen-
etration depth, the resonances shift to lower frequencies.
Above Tc the Nb turns to its non-superconducting metal-
lic state with high resistivity,48 and the resonance dips
in the measured transmission spectra disappear. The
temperature-dependent frequency shift applies for the
fundamental and harmonic modes with index n and can
be described with
νn =
ν0,n√
1 + Γ2Z0
λ0√
1−( TTc )
4
, (3)
with the shifted resonance frequency ν, the resonance
frequency ν0 of the unperturbed CPW for tempera-
ture T = 0, a geometrical factor Γ, the characteristic
impedance Z0, and the penetration depth λ0 at T = 0.
Both, Γ and Z0 are fixed parameters and calculated with
the conformal mapping theory.
The fit to the measured data in Fig. 4(a) shows that
this approach properly describes the temperature depen-
dence. Therefore, we can now ‘correct’ the measured data
by converting them to the case of the ideal conductor, or
in other words a superconductor with vanishing penetra-
tion depth. These ‘corrected’ resonance frequencies are
shown in the upper part of Fig. 4(a). For both modes,
they are basically constant for the measured temperature
range. Thus they are now cleared of the temperature-
dependent influence of the Nb, and they represent the
intrinsic dielectric properties of the substrate material
under study.
The fits following equation (3) reveal values for the
parameters Tc and λ0, and thus they give information
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FIG. 5. Dielectric constants for the investigated samples,
with each resonator operated for several harmonics with dif-
ferent mode n. The permittivities are averaged over the mea-
sured temperatures (1.4 K−9 K). Depending on the dielectric
constant, the mode numbers correspond to frequencies up to
20 GHz.
about the superconducting properties of the Nb. In ta-
ble I these parameters for the Nb films on the three used
dielectrics are listed. They are averaged for each ma-
terial, since the bulk was sputtered first and afterwards
cut and structured. It is well known that the quality of
Nb thin films is very sensitive to the growth conditions,
and therefore the superconducting properties of Nb films
can vary substantially. This is indeed what we find for
the three different substrates, e.g. Tc,Nb ranging between
6.91 K and 8.15 K, all of them well below the value of
9.2 K for bulk Nb. Here we point out that the Nb de-
position was not optimized for the different substrates,
but instead the same growth recipe was applied to all of
them. This was intentional, as our goal is not to study
or optimize the Nb growth on a particular dielectric of
interest, but rather obtain results that are independent
on the quality of a particular superconducting film.
The three cases in table I show that the quality of
the Nb films is lowest for LaAlO3, with lowest Tc,Nb and
broadest range ∆Tc,Nb of the superconducting transition,
and highest for MgO. ‘Lower quality’ of a Nb film relates
to more defects in the crystal structure, which means
higher scattering rate and dc resistivity for the metal-
lic state above Tc,Nb, and following the Ferrell-Glover-
Tinkham sum rule49,50 this means reduced superfluid
density and longer penetration depth. This expected
trend, namely decreasing λ0 for increasing Tc,Nb,
51 is in-
deed what we find for the data in table I.
After this correction for the influence of the Nb, the
permittivity of the substrate can be calculated with the
conformal mapping formula which gives the results shown
in Fig. 4(b). The permittivity of TiO2 is temperature-
independent and the absolute values for the fundamental
and highest mode are similar, around 150. Since no tem-
perature dependence is observable, the obtained data can
be averaged over the measured temperature range.
In Fig. 5 the permittivities of all measured samples are
displayed as function of the mode number. According
to equation (1) the mode number directly corresponds
to the frequency depending on the dielectric constant of
the sample, and therefore, with the upper frequency of
20 GHz in this study and the same resonator geometry
for all samples, the number of accessible modes increases
with increasing permittivity.
In contrast to MgO and LaAlO3, the third studied ma-
terial, TiO2, is anisotropic. For this material, measure-
ments were performed with the meander structure of the
resonator parallel to the crystalline a- or c-axis, respec-
tively, and consequently these experiments yield different
absolute values of the permittivity. As expected, for all
materials no temperature or frequency dependence is de-
tected. For the MgO substrate experimental values for
the permittivity between 8 and 10 are found, compared
to the literature value of 10.40 For the LaAlO3 substrates
they range between 21 and 24, compared to the litera-
ture value of 24.41 The literature values of the permittiv-
ity for TiO2 is 130 for the crystal a-axis and 250 for the
c-axis.42,43 Here our experimental values in Fig. 5 also
show a clear difference for the two orientations of the
resonator, but the resulting values of 120 and 150, differ
less. This can be explained by the meander shape of the
resonator, which has a large contribution of the crystal
axis following the long straight sections of the meander,
but the rounded parts also lead to contributions of the
other crystal direction. These measurements thus show
that anisotropic properties can be distinguished in prin-
ciple, but for the present resonator geometry a minor
contribution of the orthogonal direction is also present.
V. CONCLUSIONS AND OUTLOOK
This study presents a new resonant approach for char-
acterizing dielectric bulk samples and is termed distant-
flip-chip geometry. With this method multiple discrete
frequencies in the microwave regime up to 20 GHz can
be measured. Furthermore, the distant-flip-chip method
is compatible with cryogenic temperatures. We use su-
perconducting Nb resonators to ensure optimized mea-
surements since Nb reduces losses at low temperatures
and it needs only slight experimental preparations. Fur-
thermore, its properties for microwave resonators are well
understood. However, the Nb sputtering was not opti-
mized for these substrate materials.32
Nb as superconducting material limits this approach to
temperatures below ≈ 7K, and this also holds for another
superconductor that has been applied for related experi-
ments and that can be easily deposited, namely Pb.52–54
For several materials with unconventional properties at
cryogenic temperatures, this might be sufficient, whereas
in general application at higher temperatures (and higher
magnetic fields) is desired. Metallic non-superconducting
resonators can be operated up to room temperature and
beyond,55 but their comparably high intrinsic losses im-
mediately mean reduced sensitivity. Cuprate supercon-
ductors with much higher Tc and critical fields thus could
be an attractive alternative,22 but there the thin-film de-
position is much more demanding.
5To establish this approach, reference measurements on
known dielectrics were performed. The samples are be-
tween 300 and 500µm thick and the absolute values of
the permittivity are between 8 and 160. In addition,
anisotropic dielectrics can be characterized, as demon-
strated for the case of TiO2. This new method can now
be directly transferred for measuring samples with un-
known dielectric properties. Moreover, the presented
geometry can be easily used for measurements at mK-
temperatures and in magnetic fields.
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